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The aspects of the self-organization of the statisti-
cally uniform functional nanosystems are of key impor-
tance in the development of nanotechnologies. The
monodisperse island layers are most frequently pro-
duced under the near-equilibrium Stranski–Krastanov
conditions. In this case, the self-organization of statisti-
cal uniformity follows from the minimization of the
energy of elastic stresses arising in the wetting layer
[1]. However, the possibility of the implementation of
the metal monodisperse island nanosystems based on
the Volmer–Weber mechanism has not as yet been stud-
ied. It is generally agreed that the nucleation of metal
condensates under the Volmer–Weber conditions has
the stages of the formation of a statistically nonuniform
layer of supercritical nuclei, the coalescence of the
islands, the formation of the channels, and the subse-
quent transition to a continuous film [2]. We note that
all the above stages are accompanied by an intense sec-
ondary nucleation, which, in turn, is a consequence of
a considerably high supersaturation. The latter state-
ment is based on the fact that, according to Volmer and
Weber, the condensation mechanism has convention-
ally been studied in the deposition of metal vapors
whose low volatility considerably complicates the
implementation of the near-equilibrium conditions.
The final result of the condensation of sufficiently
supersaturated vapors is the formation of continuous
polycrystalline or epitaxial layers [2].
On the example of the deposition of the extremely
weak Al and Ti vapor flows, we identified the transition
to the formation of highly porous three-dimensional
structures in the form of nanocrystals weakly bound
with each other [3, 4]. However, no signs of the self-
organization of an island structure monodispersity have
been revealed in this case. More recently, it was found
that the transition to three-dimensional highly porous
formations is conditioned by the maximum approach to
the phase equilibrium in the environment–condensate
system [5]. In this case, the phase selectivity is
observed together with the well-pronounced spatially
distributed condensate growth [6, 7].
The condensate nucleation under the extremely low
supersaturation conditions is based on the barrier
nucleation, which is explained within the framework of
nonequilibrium thermodynamics and described in
kinetic theory [8, 9]. Under similar conditions, the fluc-
tuation mechanisms lead to the growth or reduction of
subcritical nuclei; this behavior may result in the direc-
tional “diffusion along the size axis” to subcritical
nuclei when supersaturation increases up to a certain
value. The processes occurring in this case determine
the ultimate minimization of the free energy, which
may, in turn, cause the self-organization of an identical
shape and size of the islands, as well as of a certain
order in their mutual arrangement.
In the context of the above preface, the objective of
this work is to reveal the self-organization conditions
for copper nanosystems based on the near-equilibrium
condensation under Volmer–Weber conditions.
EXPERIMENTAL PROCEDURE
The required technological conditions were imple-
mented by the dc magnetron sputtering of copper at an
Ar pressure of 10 Pa. Argon was subjected to deep puri-
fication via the absorption of chemically active gases
during the process of additional Ti sputtering [10]. The
partial pressure of the chemically active residual gases
(mainly O
 
2
 
, H
 
2
 
, and N
 
2
 
) was 8 
 
×
 
 10
 
–8
 
 Pa. Fresh KCl
cleavages were used as the substrates.
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The reduction of the free path length at the increased
working gas pressures allowed us to average the energy
of the ion-sputtered atoms [11], as well as to ensure the
equiprobable arrival of the substance onto different fac-
ets of the growing crystals near the growth surface. In
this case, the average energy of the ion-sputtered atoms
is one order of magnitude higher than the energy of
thermally evaporated atoms and is equal to about 5–
8 eV [11], which corresponds to a particle temperature
of ~38000 K. Moreover, it is known [12, 13] that the
incomplete thermal accommodation needs the energy
of condensed atoms corresponding to a temperature
above 6000 K. Hence, the incomplete thermal accom-
modation enhances the reevaporation of adatoms and,
thus, makes it possible to achieve near-equilibrium con-
ditions at relatively low substrate temperatures. Since
copper has a low volatility, this circumstance is impor-
tant for the solution of the problem stated in this work.
In this case, the maximum approach to the equilibrium
was also stimulated by an increased substrate tempera-
ture (
 
T
 
c
 
 = 380
 
°
 
C) and a decrease in the discharge power
(
 
P
 
w
 
) to a value level at which the finite rate of supercrit-
ical nucleation can still be observed.
The island structures formed were strengthened by
continuous amorphous carbon layers and then sepa-
rated from the substrates by dissolving the latter in
water. The structure and phase composition of conden-
sates were studied by transmission electron microscopy
and electron microdiffraction.
EXPERIMENTAL RESULTS AND DISCUSSION
Near-equilibrium nucleation is possible only on the
active centers of the maximum energies of chemical
bonds [14]. In this connection, we note that on the (100)
alkali halide crystal, the anion vacancies (Cl
 
–
 
), which
are formed in the crystals irradiated by elementary par-
ticles [15], have a high activity. Many of these active
centers may appear in our case when the KCl cleavage
is exposed to the flux of secondary electrons emitted
from the magnetron [11]. Since the spectrum of the
maximum possible energies of chemical bonds is dis-
crete, there is a critical energy of chemical bonds 
 
E
 
c
 
below which the atom fixation on the growth surface is
a highly improbable process. Obviously, as the super-
saturation tends to zero, 
 
E
 
c
 
 increases and, in the limit-
ing case, the spectrum of active centers may reduce to
a single possible variant with a corresponding fixation
of adatoms only on the anion vacancies.
An analysis of the structure of the island systems
obtained under these extreme conditions showed that,
at the initial stage of their formation, thin Cu layers are
formed on the local substrate regions; then, nanoclus-
ters nucleate on these layers (see Fig. 1a). It may be
suggested that the local formation of the thin base lay-
ers occurs on the anion vacancy clusters, which, in
essence, constitute an atomically rough potassium sur-
face. Under these conditions, the formation of a wetting
layer is not impossible.
The analysis of the electron diffraction pattern pre-
sented in Fig. 1a reveals two variants of the nucleation
texture, where (011) and (001) Cu 
 
||
 
 (001) KCl. In this
connection, we note that the further growth of the thin
layer in the directions normal to (011) and (001) Cu is
very problematic, because the atoms in these planes in
the semicrystal position have relatively low energies of
the chemical bonds [14] or energies lower than 
 
E
 
c
 
.
To analyze the transition to the cluster formation, we
consider the following expressions for the rate 
 
J
 
 of bar-
rier nucleation [8]:
(1)J b/ ζ( )ln2–[ ].exp∝
 
24 nm
 
40 nm(a)
90 nm
550 nm
(b)
(c)
 
Fig. 1.
 
 Structure of the copper island condensates: (a, b)
 
P
 
w
 
 = 24 W and the deposition time is 8 and 12 min, respec-
tively; and (c) 
 
P
 
w
 
 = 28 W, the deposition time is 5 min.
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Here, 
 
b
 
 = 16(
 
α
 
/
 
k
 
b
 
T
 
)
 
3
 
σ
 
3
 
F
 
/3, where 
 
α
 
 is the surface
energy of a cluster, 
 
σ
 
 is the surface area occupied by a
single adatom, and 
 
T
 
 is the temperature of the growth
surface; 
 
F
 
 = (2 + cos
 
φ
 
)(1 – cos
 
φ
 
)
 
2
 
, where 
 
φ
 
 is the con-
tact angle between the cluster and surface; and 
 
ζ
 
 = 
 
n
 
/
 
n
 
e
 
is the supersaturation determined by the ratio of the cur-
rent, 
 
n
 
, to equilibrium, 
 
n
 
e
 
, adatom concentrations.
First, according to relation (1), as the equilibrium is
approached (as 
 
n
 
 approaches 
 
n
 
e
 
), the sensitivity of the
nucleation rate to the shape and surface energy of clus-
ters increases strongly. An analysis of 
 
F
 
(
 
φ
 
) also indi-
cates that this stage of the cluster nucleation on the thin
base layer should occur at 
 
φ
 
 < 
 
π
 
/2. Obviously, this vari-
ant is possible when the area of the base layer reaches a
certain value. Then, the 
 
φ
 
 value is observed to increase
through increasing the cluster voluminosity. The latter
assumption is supported by the fact that, at small varia-
tions in the spherical segment radius due to a volumi-
nosity increase, the clusters gradually get darker in their
color (see Figs. 1a and 1b).
It is known [16] that fcc metal nanoclusters may be
formed on the basis of icosahedral, hexagonal, or fcc
structures. In our case, electron diffraction studies (see
Figs. 1 and 5) point to the nucleation of the nanoclusters
with the fcc lattice whose parameters are close to the
copper bulk state. This is obviously explained by the
nucleation duplicating the structure of the thin base
layer. The clusters with the fcc structure can be
obtained on the crystal facets based on the (210) plane
(see Fig. 2). The minimization of the free energy, in this
case, is determined by the rounded shapes and the
strongest chemical bonds for the atoms in the semicrys-
tal position on the (210) plane [14]. At the same time, a
pronounced nonmonotonicity of the dependence of the
surface energy density of the clusters on the number of
atoms in the clusters [16, 17] can reduce the work of
their formation at a certain sequence of the incorpora-
tion of atoms.
As the condensation time increases under the tech-
nological conditions of the previous experiment, the
area of the thin base layer increases (see the arrow
directions in Fig. 1b). This is attributed to a further
increase in the anion vacancy concentration. Taking
into account that the condensation process is rather
slow and analyzing the dynamics of varying the disper-
sion of the cluster structures (see Figs. 1a and 1b) and
the corresponding histograms (see Figs. 3a and 3b), we
can conclude that the statistic uniformity of the Ost-
wald ripening is important for the self-organization. In
this case, the nanocluster size distribution as a result of
the Ostwald ripening agrees well with the theoretical
notions [18], and the standard deviation from the aver-
age intercluster distance decreases from 45 to 18% dur-
ing the process of cluster growth (see Figs. 3c and 3d).
An additional factor supporting the Ostwald ripening is
a decrease in the concentration of clusters during the
formation process by about 10–17%. However, we
should note that the Ostwald ripening, in our case, is a
consequence not only of the decrease in the supersatu-
ration and the corresponding growth of the critical
nucleus size [19], but also of the stimulating effect on
the growth surface of the condensed atoms and second-
ary electrons of increased energies. In this connection,
the switching off of the magnetron sputterer should
lead to a certain freezing of the Ostwald ripening pro-
cess.
Even at a small increase in the discharge power, the
cluster formation process is distorted by the transition
to the epitaxial growth of sufficiently large islands (see
Fig. 1c).
During the formation of the highly porous nanosys-
tems, the specificity of the transition to the structure
being a system of interlinked clusters is important. To
understand the essence of the corresponding processes,
 
Fig. 2.
 
 Habituses of the clusters (light facets are built on the
base of the (210) plane).
 
Fig. 3.
 
 Size distribution of the islands: (a, b) histograms
relating to the structures shown in Figs. 1a and 1b, respec-
tively.
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(b)
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we consider a model of the coalescence region of two
clusters (see Fig. 4). In the central part of the region, the
equilibrium condition is determined by the Herring
relation
(2)
where 
 
µ
 
c
 
 and 
 
µ
 
k
 
 are the chemical potentials of the vapor
and condensate, respectively; 
 
Ω
 
 is the specific volume
occupied by an atom in a crystal; and 
 
R
 
1
 
, 
 
R
 
2
 
, 
 
β
 
1
 
, and 
 
β
 
2
 
are the radii of curvature and the corresponding angles
in the coalescence region, respectively (see Fig. 4). In
the simplified isotropic model, 
 
∂
 
2
 
α
 
/
 
∂
 
 = 0 and
 
∂
 
2
 
α
 
/
 
∂
 
 = 0. In this case, if 
 
R
 
1
 
 > 
 
R
 
2
 
, then equilibrium
condition (2) is valid even for 
 
µ
 
k
 
 > 
 
µ
 
c
 
. Hence, in the
direct vicinity of the equilibrium, the instant of contact
of the islands is a signal for the reorientation of the dif-
fusion flows and for a faster growth of the condensate
in the coalescence region. In this case, depending on the
structural state of the contact surface, either the neck
thickens (see Fig. 5a) or new clusters nucleate (see the
arrow directions in Fig. 5b). The commonly known
variant of the growth coalescence, in this case, is appar-
ently impossible due to the ultimate minimization of
the surface energy of the clusters. In other words, the
initial instant of coalescence should be accompanied by
a considerable increase in the surface energy, which is
an insurmountable potential barrier for this process.
In some cases, due to the nonuniform distribution of
the active centers over the substrate surface, a pro-
nounced prevailing growth of the regions with an
µc µk–
Ω
R1
----- α
∂2α
∂β12
--------+⎝ ⎠⎜ ⎟
⎛ ⎞ Ω
R2
----- α
∂2α
∂β22
--------+⎝ ⎠⎜ ⎟
⎛ ⎞
,–=
β12
β22 increased density of the clusters in contact with each
other can be observed (see Fig. 5c). In this case, the
redistribution of the diffusion flows blocks the growth
of the other condensate regions. Meanwhile, a more
uniform distribution of clusters, as well as the specific-
ity of the prevailing substance condensation on the
boundary of their coalescence, determines the forma-
tion of the 3D fractal networks (see Fig. 5d).
In summary, we have established that modern con-
ventional notions of the metal condensation mechanism
under Volmer–Weber conditions are limited only by
sufficiently high supersaturations and that the cluster
nanosystems can be formed under the conditions clos-
est to the equilibrium ones. In this case, the near-equi-
librium condensation and the Ostwald ripening, which
are maintained by the effect of the particles on the
growth surface, are the necessary prerequisites of the
45 nm(a)
270 nm(c)
270 nm(d)
(b)
Fig. 5. Variants of the formation of nanosystems after
20-min condensation.
Fig. 4. Geometrical model of the coalescence region.
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self-organization of the statistical uniformity of nano-
systems, while the transition to the formation of fractal
networks is conditioned by the secondary nucleation of
the nanoclusters and the prevailing condensation in the
region of their coalescence.
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